Abstract. Vertical transport of many atmospheric trace gases is modulated by retention in solid (ice phase) precipitation during the impaction and freezing (i.e., timing) of supercooled cloud droplets. Here we report field measurements of the concentrations of both hydrogen peroxide (H202) and molecular oxygen (02) in time ice. Gas retention efficiencies, defined as the ratio of the observed concentration divided by the equilibrium concentration predicted by Henry's law, are presented. Rime ice collections were conducted in a wind tunnel using 3.2-and 9.5-mm impaction cylinders. Velocities were varied between 9 and 20 m/s and ice substrate temperatures were colder than -3.5 øC. Averaged values of the retention efficiencies for H202 and 02 were 0.05 and 0.32, respectively. Also discussed are direct measurements of H202 volatilization obtained by monitoring increases in gaseous H202 associated with droplet impingement and freezing on an impaction grid placed upstream of a gas sampling inlet. The observed relationships between retention and the time interval between droplet impaction suggest that H202 and 02 are volatilized subsequent to droplet freezing and prior to burial by continued riming. A comparison of the timescales that are expected to govern retention indicates that solute diffusivities in the solidified droplets are -10 -12 m 2 s -1.
Introduction
Trace gases characterized by large affinities for liquid water are efficiently transferred from the gas to the solution phase during the formation of clouds containing droplets. This is the case for hydrogen peroxide (H202), formaldehyde and its hydrate, most inorganic and some organic acid vapors, and ammonia. Growing by vapor diffusion, the droplets seldom reach radii larger than 20 gm and frequently exist at temperatures colder than 0øC. Supercooling sets the stage for droplet capture and removal via collision with super-mitlimetric ice particles (i.e., snowflakes and graupel). During capture the droplets impinge against the surface of falling ice particles and are rapidly frozen. This process results in the retention ofsomeofthedissolvedgas. Precipitation resulting from this growth mechanism, commonly referred to as riming, influences the vertical transport of water soluble trace gases [Cho et at., 1989] . In the present article we analyze measurements of the amounts of H202 and 02 in rime ice collected from supercooled clouds. These data are used to calculate retention efficiencies expressed as the ratio of the observed concentration in melted rime ice divided by the equilibrium concentration predicted by Henry's law. As in the previous assessments o fthe retention efficiency, the equilibrium concentration is evaluated at the ambient temperature, not the water ice melting ice substrates and cover a lower range of droplet impaction velocities. Further, by using a gas-phase monitoring technique we are able to record direct measurements of H202 volatilization during timing. This technique provides an independent validation of our previous observation that H202 is not efficiently retained during riming on a ventilated substrate. The new data also reinforce our hypothesis that retention is controlled by the rate of impingement of cloud droplets on the riming substrate.
Experiment

Field Site
Experiments were conducted in supercooled wintertime clouds at the University of Wyoming Elk Mountain Observatory (EMO, 3.3 km above mean sea level, 41ø37' N, 106032 ' W), located on an isolated peak in southeastern Wyoming, United States. Microphysical characteristics of these clouds are documented by Politovich and Vali [ 1983] . Droplet growth times are short (<800 s), dispersions (standard deviation of the droplet spectrum divided by the mean radius) are less than 0.3, and the spectra exhibit little or no evidence of broadening due to cloud top entrainment or droplet coalescence. A description of the facility can be found in SMV, and only instrumentation and analytical techniques developed for this study are discussed below. The new instrumentation, shown in Figure 1 , consists of the cloud water impactor (CWI) located in the large wind tunnel, the reverse-flow air sample inlet located in the small wind tunnel, and a vacuum system used to process rime ice samples prior to the determination of the amount of retained 02. Data were collected during three study intervals: (1) March 1991, (2) January 1992, and (3) February 1992.
Rime Collection and LWC Measurement
In addition to the CWI, which is described in the following paragraph, we used two other devices for measuring cloud liquid water content (LWC). We also employed two of the three instruments for collecting rime ice. Characteristics of these sampling and LWC measuring instruments are summarized in Table 1 . Rime ice mass removed from the CWI and from the cloud water sampler (CWS) was used to infer averages of the LWC. In contrast, measurements of the power required to vaporize droplets impinging on the Commonwealth Scientific and Industrial Research (CSIRO) probe [King et al., 1978] was used to infer instantaneous values of the LWC. In section 4 we intercompare H202 retention values corresponding to rime ice samples obtained from the CWI with retention values obtained using the CWS. The latter measurements were reported in SMV.
The CWI, shown in Figure 2 , was used to collect rime ice samples in the large wind tunnel. Tunnel velocities, measured continuously 
Gas Sampling
A hydroperoxide monitor identical to the instrument described by Snider and Murphy [ 1995] was used to measure the gas-phase H202 using a pitot tube, were varied between 5 and 21 m s -•. Rime sampling intervals ranged between 27 and 210 min. Fluctuations in wind tunnel velocity, resulting both from variability in the ambient wind speed and from ice buildup on the fan blades, were less than +2 m s -•. The CWI consists of four small (3.2 mm diameter) and two large (9.5 mm diameter) cylinders; each cylinder consists of a stainless steel tube sheathed in Teflon. At the end of each collection interval, the CWI was brought into the cold room (see Figure 1) where the samples were removed from the impactor surfaces and weighed. The delay between sample weighing and chemical processing was never larger than 3 hours. Ice substrate temperatures were inferred from measurements of ambient temperature, tunnel velocity, and timing rate using equations developed by Lozowski et al. [ 1983] . Substrate temperatures were lower than-3.5øC for all ice samples.
The effective cloud liquid water content (Le, cm 3 m -3' notation summarized at the end of the manuscript) was calculated using measurements of ice deposit mass (consisting of both impacted droplets and frost formed by vapor deposition), the averaged tunnel velocity, the linear dimensions of the cylinders, and derived values of the vapor deposition to rime mass ratio (MR). Our calculation of MR is based on the heat flux equations ofLozowski et al. [ 1983] . Owing to lower droplet collision efficiencies on the 9.5-mm cylinder, the ratio of the two measured Le, corresponding to concurrent 
Measurement of Dissolved 02 and H20 2
Measurements of 02 in the rime ice ( Co2, mg L-1) were conducted using a vacuum-isolation technique [Huang, 1994] . The collected rime ice was put into a thermostated flask (-10øC), the pressure was lowered to 10 hPa for 3 rain, and then O2-free water was added. The concentration of 02 in the mixture of melted rime ice and O2-free water was evaluated using the Winklet method [Carritt and Carpenter, 1966] . A mass balance equation was used to calculate the concentration of 02 in the rime ice. 02 losses due to pumping are estimated to be less than 1.8 mg L-1 [Huang, 1994] . We illustrate this The concentration measurements discussed in the previous paragraphs correspond to the total amounts of 02 and H202 retained in the ice. No attempt was made to distinguish between gases located within the ice lattice or inside coexisting phases (i.e., either bubbles or liquid solutions). [H202]* = KH202PEMO){H202/C2
Justification for this approach is discussed in section 2.3 and in the Appendix. wintertime clouds containing LWC values roughly an order of magnitude smaller than that observed in convective clouds. By the same reasoning, the mass-median droplet radius for convective clouds, particularly precipitating convective clouds, is also larger than that observed during winter at Elk Mountain. Although these differences make extrapolations rather uncertain, we contend that the best-fit relationships shown in Figure 6 
Appendix: Cloud-interstitial H202
The H202 retention efficiency values based on (2) and (4) are predicated on the assumption that the reverse-flow inlet samples an upwind of the inlet. Here we examine the degree to which upstream riming biases the H202 retention measurement. This assessment was conducted by comparing observations of H202 inside clouds, made using the reverse-flow inlet (Figure 1) , and theoretical predictions of the gas/aqueous partitioning of H202. The comparisons summarized in the top rows of Table 3 correspond to transitions from in-cloud to clear-air conditions. Here Table 3 . This correction is justified since riming on the collection strands was observed to increase fand because simultaneous increases in E due to the formation of rime feathers and frost, are also expected. Our interpretation of the observations shown in Figure 8 , and the correction we have applied in Table 3, riming rate, kg rn -2 s -1.
